The objective of these experiments was to evaluate the importance of fatty acid beta-oxidation (FAO) in the cumulus oocyte complex (COC) during in vitro maturation (IVM) to oocyte nuclear maturation and gene expression in both the oocyte and cumulus cells in three species with differing amounts of oocyte intracellular lipids (mouse, low; bovine, moderate; porcine, high). We inhibited FAO using etomoxir at 0, 10, 25, 100, or 250 lM. Completion of oocyte nuclear maturation was inhibited after COC exposure to 250 lM etomoxir in mouse oocytes, 100 lM etomoxir in bovine oocytes, and as little as 10 lM etomoxir in porcine oocytes (P , 0.05). When FAO was inhibited in mouse and porcine COCs resulting in inhibition of meiosis, the abundance of FAO, glycolytic, and oxidative stress gene transcripts were decreased in oocytes and cumulus cells (P , 0.05), although to a much greater extent in the pig. In bovine oocytes and cumulus cells, FAO gene transcripts were increased and glycolytic gene expression altered following meiotic inhibition due to etomoxir. Etomoxir, at doses that did not inhibit nuclear maturation in bovine and murine COCs, increased glucose consumption (P , 0.05), suggesting glucose metabolism is increased to meet the metabolic demands of the COCs when fatty acid metabolism is compromised. Our data demonstrates that FAO is essential to oocyte nuclear maturation in all three species. Sensitivity of nuclear maturation to FAO inhibition reflects the amount of lipid present in the ooplasm and may suggest a relative reliance on this metabolic pathway.
INTRODUCTION
Energy production in the cumulus oocyte complex (COC) is essential to sustain meiosis during oocyte maturation and the subsequent rapid proliferation of cells during preimplantation embryo development. Energy metabolism in the COC is traditionally thought of in terms of uptake and metabolism of glucose by the cumulus cells, which then transfer pyruvate and lactate into the oocyte via gap junctions where these molecules undergo oxidative phosphorylation via the tricarboxylic acid (TCA) cycle to produce ATP [1] [2] [3] [4] [5] . Oocytes are also able to metabolize glucose, derived from either the environment or from the cumulus cells, via glycolysis, the pentose phosphate pathway, and the TCA cycle in mice [6] , cattle [7] , and pigs [8] . The oxidation of a single glucose molecule via glycolysis produces approximately 30 ATP molecules that can be utilized by the COC or embryo as a source of energy. Alternatively, the oxidation of a single fatty acid molecule, for example, palmitate, can produce 106 ATP molecules [9] ; therefore, there is a potential benefit for the COC and embryos to utilize fatty acid b-oxidation (FAO). FAO is a critical component of cellular metabolism, though limited research has been conducted on the importance of FAO in the COC during oocyte maturation, particularly between species with differing amounts of intracellular lipids.
The utility of FAO for energy production is dependent on the transport of fatty acids into the mitochondria, which is catalyzed by carnitine palmitoyl transferase 1 (CPT1). The presence of fatty acid substrates, such as palmitic and oleic acids, increases transcript abundance of Cpt1, which binds fatty acids to carnitine and allows their transport across the mitochondrial membrane [10] . Carnitine is then removed by CPT2, and the fatty acid undergoes b-oxidation to produce ATP [11] . Decreased abundance of CPT1 would impair the transport of fatty acids into the mitochondria, resulting in decreased b-oxidation. Given the central role of CPT1 in FAO, several pharmacological inhibitors of CPT1B, such as etomoxir and methyl palmoxirate, can be used to effectively block FAO [12] . ATP production and oxygen consumption decrease and oxidative stress and glycolytic activity increase after FAO inhibition via etomoxir in human glioblastoma cells [13] . Transcript abundance of Cpt1 increases in mouse COCs during maturation, resulting in an increase in FAO to help meet the metabolic demands of the maturing oocyte [14] . Inhibition of CPT1B during maturation decreases blastocyst development in bovine [12] , porcine [15] , and mouse [14] , indicating FAO during oocyte maturation is essential for oocyte competence and subsequent embryo development. Similarly, exposure to a FAO inhibitor during preimplantation development reduces the number of trophectoderm and inner cell mass cells in mouse blastocysts [16] . Increased glucose metabolism is also observed in porcine embryos after FAO inhibition, suggesting that alternate energy pathways are upregulated when FAO is blocked [17] .
The relative rate of FAO can be stimulated by supplementing culture medium with carnitine, a limiting substrate of CPT1 [14] . Exogenous carnitine positively affects nuclear maturation and preimplantation development when provided during mouse oocyte maturation [14] . Addition of carnitine to oocyte maturation medium also increases the number of active mitochondria in porcine oocytes [18] . In the ram, addition of carnitine to sperm collected from the cauda epididymis resulted in significantly less glucose used and less lactate produced than nontreated sperm [19] , suggesting an increase in FAO and a concurrent decrease in glycolysis. Furthermore, supplementation of carnitine during follicular development and oocyte maturation increases the percentage of mouse [20, 21] and porcine [18] oocytes attaining metaphase II (MII). In the absence of exogenous carbohydrates during preimplantation development, bovine embryos arrest at the two-or four-cell stage because they are unable to support the metabolic demands required for embryo development; however, supplementation of exogenous carnitine recovers embryo development even without carbohydrates [22] . Similarly, exogenous carnitine during in vitro culture significantly increased the number of mouse zygotes developing to the two-cell stage in the absence of carbohydrates [14] . Carnitine supplementation during embryo culture increased blastocyst development in mice even in the presence of carbohydrates [21, 23] .
The most abundant fatty acids in immature porcine and bovine oocytes are palmitic and oleic acids [24, 25] . The specific lipid composition of mouse oocytes is unknown, possibly due to the low quantity of intracellular lipids. The total lipid content is significantly higher in porcine compared to bovine oocytes, and lipid content in bovine oocytes is significantly greater than mouse oocytes [26] . The objective of these experiments was to evaluate the importance of FAO in the COCs during in vitro oocyte nuclear maturation and gene expression in both the oocyte and cumulus cells in three species with differing amounts of oocyte intracellular lipids. Our hypothesis is that species with large amounts of intracellular lipids within the oocyte (porcine) will be more sensitive to FAO inhibition, implying that fatty acid metabolism may play a larger role in oocyte maturation in this species, compared to bovine (moderate amount of intracellular lipids) and mouse (low amount of intracellular lipids) oocytes.
MATERIALS AND METHODS
All the chemicals and reagents were purchased from Sigma Aldrich unless otherwise stated.
Mouse Oocyte Maturation
B6D2F1 peripubertal female hybrid mice, 24 to 27 days of age at oocyte collection, were administered equine chorionic gonadotropin (5 international units intraperitoneally; EMD Biosciences) 48 h prior to euthanasia. Ovaries were harvested and washed in GMOPS PLUS (Vitrolife) supplemented with 5% fetal bovine serum (HyClone; Thermo Scientific). Oocytes surrounded by a complete layer of cumulus cells were excised by ovarian dissection and matured in vitro for 18 h at 378C, 8.3% CO 2 , and 6.3% O 2 . Because of the increased altitude of Lone Tree, CO, the CO 2 was increased to maintain the pH of all the maturation media at 7.28. A completely defined oocyte maturation media (OMM, prepared in house) was used containing 0.5 mM glucose, 6 mM lactate, 0.2 mM pyruvate, 1.0 mM carnitine, 10 ng/ml epidermal growth factor (EGF), 0.5 mg/ml recombumin (Vitrolife), and 2 mg/ml fetuin. All the mouse protocols followed animal care and use guidelines, as described by the Guide for the Care and Use of Laboratory Animals [27] .
Bovine Oocyte Maturation
Bovine ovaries from cyclic heifers were obtained from a local abattoir (JBS Beef Plant), transported to the laboratory at 308C-348C, and washed with warm saline (0.9% NaCl). COCs were aspirated from follicles 2-15 mm in diameter, using an 18-gauge needle attached to a vacuum pump. COCs were washed in Hepes-buffered synthetic oviductal fluid supplemented with 0.1% bovine serum albumin (SOF-Hepes) [28, 29] and selected for two or more layers of cumulus cells. Selected COCs were matured in vitro in OMM as described above, supplemented with 2.5 or 5 mM glucose for experiment 1 or 2, respectively, 100 ng/ml EGF, and 0.01 units/ml (U/ml) of bovine folliclestimulating hormone (FSH) and luteinizing hormone (LH). COCs were matured for 24 h at 38.68C in 8.6% CO 2 and air.
Porcine Oocyte Maturation
Porcine ovaries were obtained from cyclic females from two different locations: a local abattoir (Momence Packing Co.) and Applied Reproductive Technologies (these oocytes were matured for the first 24 h in transit). COCs were aspirated from medium-sized follicles (2-6 mm in diameter) using an 18-gauge needle attached to a vacuum pump. COCs were washed in SOFHepes and selected for two or more layers of cumulus cells. COCs that were received from Applied Reproductive Technologies were transferred to fresh media upon arrival for the remaining 18 h of maturation. Selected COCs were matured in vitro in OMM as described above supplemented with 5 mM glucose, 0.01 mM pyruvate, 100 ng/ml EGF, and 0.01 U/ml of porcine FSH and LH. For porcine oocytes, carnitine was not included during maturation for the etomoxir experiment but was included (1 mM) for gene expression analysis, lipid content, and ADP/ATP analysis. COCs were matured for 42 h at 38.68C in 7% CO 2 and air (Urbana, IL) or 38.68C in 8.6% CO 2 and air (Lone Tree, CO).
Quantitative PCR
Denuded oocytes were frozen at À808C in three or four groups of 10 oocytes per treatment in PicoPure RNA lysis buffer. Cumulus cells were isolated from spent media via centrifugation at 16 000 3 g for 5 min, and the supernatant was discarded. RNA was extracted using the PicoPure RNA Isolation Kit (Applied Biosystems) with on-column DNase treatment (Qiagen). Total RNA extracted from oocytes and cumulus cells were loaded into the cDNA reaction, and the resulting quantitative PCR (qPCR) data were analyzed by relative quantification as described below. Complementary DNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) following the manufacture's protocol. Primer design and qPCR were performed as previously described [30] . Primers for genes related to FAO (acyl-coenzyme A dehydrogenase long chain, Acadl; acyl-CoA synthetase long chain family member 3, Acsl3; and carnitine palmitoyltransferase 1B and 2, Cpt1b and Cpt2, respectively), glycolysis (glucose transporter 1, Glut1; hexokinase 2, Hk2; and phosphofructokinase, Pfk), and oxidative stress (glutaredoxin 2, Glrx2; and thioredoxin reductase 1, Txnrd1) were designed for qPCR using Primer3 [31] . Accession number, primer sequence, and product length of target and reference genes for mouse, bovine, and porcine species are presented in Tables 1, 2 , and 3, respectively. Primer specificity was determined by melt curve analysis, and PCR products were cloned into pCR 2.1 TOPO vectors and transformed into One Shot TOP10 chemically competent Escherichia coli (Invitrogen Life Technologies). Plasmids were sequenced by the DNA sequencing facility at Colorado State University to confirm the identity of the transcript, and plasmids were quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen Life Technologies). Quantitative PCR was performed on three-fold diluted sample cDNA run in duplicate. Target genes were analyzed using iQ SYBR Green Supermix (Bio-Rad) and an Applied Biosystems 7300 Real Time PCR system. A reference gene was analyzed in each sample for accurate relative quantification, and a standard curve was generated from serial dilutions of EcoRI-digested plasmids (10 7 to 10 1 molecules).
Colorometric Glucose Assay
Maturation media from each treatment group was collected at the end of the maturation period for mouse (18 h postmaturation [hpm] ) and bovine COCs (24 hpm). Because porcine COCs were matured for the first 24 h in bulk during transit from Applied Reproductive Technology, maturation medium for porcine COCs was only collected at 18 h posttransfer to fresh maturation medium (24-42 hpm). For each treatment, spent (culture drops containing COCs) and unspent media (drops without COCs but in the incubator in the same dishes for the same length of time) was frozen at À808C. Glucose concentrations were determined using the Glucose Assay Kit (BioVision) following the manufacturer's instructions. Samples were incubated with 2 ll probe, 2 ll enzyme mix, and 46 ll assay buffer for 30 min at 378C, protected from light. After incubation, samples were read immediately on an EPOCH microplate reader (BioTek). To determine the glucose concentration in millimolar, the average concentration (in nanomoles) of each well was divided by the volume of sample analyzed. To determine glucose consumption during maturation, the millimolar concentration calculated in the spent media was subtracted from the concentration of the unspent media. To calculate glucose consumption in pmol/COC/h, the millimolar concentration of glucose determined above were multiplied by the PACZKOWSKI ET AL.
volume of the maturation drop (50 ll), and then divided by the number of COCs per drop (10 COCs per drop) and by the duration of the maturation (mouse, 18 h; bovine, 24 h; porcine, 18 h).
Experimental Design
Experiment 1: effect of etomoxir dose during IVM on meiotic maturation in mouse, bovine, and porcine oocytes. Our hypothesis was that oocytes with greater intracellular lipid quantity would be more reliant metabolically on FAO and thus be more sensitive to inhibition of FAO during oocyte maturation, which would be indicated by a decrease in the number of oocytes able to resume or complete meiosis. During maturation, COCs isolated from mouse, porcine, and bovine ovaries were exposed to five doses of etomoxir: 0, 10, 25, 100, and 250 lM. Following maturation, porcine and bovine COCs were vortexed for 3 min in 100 ll SOF-Hepes with 0.01% (80-160 U/ml) hyaluronidase to completely denude the oocytes. Mouse COCs were mechanically denuded using a pulled glass pipette in the absence of hyaluronidase. Oocytes were mounted on glass slides and compressed under cover slips supported by a petroleum jelly/paraffin wax mixture. Glass slides were immersed in fixative solution (2:1 ethanol: acetic acid) for 48 h and stained with aceto-orcein (1% orcein in 40:60 acetic acid:water). Chromatin configuration was assessed at 4003 magnification to determine the stage of oocyte maturation. Oocytes at the MII stage were considered mature.
To determine if any observed effects on oocyte nuclear maturation were in part due to the influence of etomoxir on the cumulus cells, a subset of mouse oocytes were completely denuded prior to maturation. Maturation and assessment of chromatin configuration was determined as described above, with one exception. Oocytes were grouped into the following categories; oocytes that had not resumed meiosis (i.e., germinal vesicle [GV]), oocytes that had resumed meiosis but failed to progress past MI (i.e., GV breakdown/ condensed chromatin/MI [GVBD/CC/MI]), and oocytes that had successfully progressed past MI (i.e., anaphase/telophase/MII [A/T/MII]).
Experiment 2: gene expression and glucose uptake of mouse, bovine, and porcine oocytes and cumulus cells following perturbation of FAO during IVM. Our hypothesis was that transcript abundance of FAO genes in mouse, bovine, and porcine oocytes and cumulus cells will be decreased due to 
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a Sequence identity refers to the similarity in transcript sequence between PCR products and accession number, and confirms that the gene of interest has been amplified. 
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FATTY ACID BETA-OXIDATION DURING OOCYTE MATURATION
inhibition of FAO and that the abundance of glycolytic genes will be increased compared to oocytes and cumulus cells from COCs not exposed to etomoxir. Mouse, bovine, and porcine COCs were matured in vitro, as described above, and oocytes and cumulus cells were collected separately for analysis of gene expression. Maturation took place in the presence of differing concentrations of etomoxir based on the results of Experiment 1. The exposure dose selected for each species was based on the lowest concentration of etomoxir significantly inhibiting oocyte nuclear maturation (inhibitory dose), and the dose immediately less than that dose (noninhibitory dose). Therefore, mouse COCs were matured in the presence of 0, 100, or 250 lM etomoxir; bovine COCs were matured in 0, 25, or 100 lM etomoxir; and porcine COCs were matured in the presence of 0, 1, or 10 lM etomoxir. In experiment 1, we found that supplementation of 10 lM etomoxir during porcine oocyte maturation significantly decreased nuclear maturation; therefore, for this experiment, we included 1 lM etomoxir as the dose immediately less than the inhibitory dose. Experiment 3: lipid content of mouse, bovine, and porcine oocytes after COC exposure to etomoxir during IVM. Our hypothesis was that intracellular lipid content would increase in oocytes matured in the presence of etomoxir because FAO would be inhibited. Lipid content was analyzed by Nile Red staining as previously described [26] , with slight modifications. Briefly, after in vitro maturation, mouse, bovine, and porcine oocytes were denuded and fixed for at least 24 h in 500 ll of a 2% glutaraldehyde and 2% formaldehyde solution in a 4-well plate, at room temperature. Oocytes were then stained overnight, at room temperature and protected from light, in a 4-well plate in 500 ll of a 10 lg/ml Nile Red working solution. The Nile Red working solution was prepared as a 1 mg/ml stock solution of Nile Red dissolved in dimethyl sulfoxide and then diluted in saline and 1 mg/ml polyvinylpyrrolidone. Oocytes were transferred to glass slides and covered with coverslips in groups of 10-15 oocytes, and images were taken at 2003 magnification on a fluorescent microscope. Images were analyzed using National Institute of Health ImageJ version 1.46 [32] to measure the mean signal intensity of individual oocytes. The mean signal intensity for each oocyte and background were determined three times and used to calculate the final signal intensity of each oocyte.
Experiment 4: ADP/ATP ratio of mouse, bovine, and porcine oocytes and cumulus cells after COC exposure to etomoxir during IVM. Our hypothesis was that inhibition of FAO would decrease the concentration of ATP, thereby increasing the ratio of ADP/ATP, suggesting the oocytes and cumulus cells were undergoing cell death. COCs were matured in vitro, and oocytes and cumulus cells were collected separately as described above. Denuded oocytes were pooled into three groups of 10 and frozen at À808C in 10 ll phosphate-buffered saline. Cumulus cells were isolated from spent media via centrifugation as described above and reconstituted in10 ll phosphatebuffered saline. The ADP/ATP ratio was determined using the ApoSENSOR ADP/ATP Ratio Assay Kit (BioVision) following the manufacturer's protocol. For all the samples that resulted in a negative ADP value, ADP values were set to one for the ADP/ATP analysis.
Statistical Analysis
The percentage of oocytes at each meiotic stage, glucose consumption, lipid content, and ADP/ATP ratios were analyzed by one-way analysis of variance (ANOVA) using NCSS (Number Cruncher Statistical System). When ANOVA detected significant differences (P , 0.05), treatment differences were determined using a Bonferroni multiple comparison test. For relative quantification of oocyte and cumulus cell gene expression, data were analyzed using the relative expression software tool, REST 2005 version 1.9.12 [33] , as previously described [30, 34, 35] . In experiment 2, 18s ribosomal RNA (18s rRNA) was used as the reference gene for porcine oocyte and cumulus cell analyses, and peptidylprolyl isomerase A (Ppia) was used as the reference gene for mouse and bovine oocytes and cumulus cells because the transcript abundance was not significantly different between treatment groups. Expression ratios of the target and reference genes were generated from the following equation using the efficiency of the qPCR reactions (E) and the DCT values of the control and sample (treatment) oocytes; the levels of significance were calculated by pair-wise fixed reallocation randomization tests with 50 000 iterations, and the significance was determined with a P value less than 0.05. In the mouse, 250 lM etomoxir during maturation of COCs significantly reduced completion of nuclear maturation (percentage of oocytes at MII: 18.5% 6 5.3% vs. 65.3% 6 6.9% in controls, P , 0.05; Fig. 1A ). Oocytes were primarily arrested at the MI stage when exposed to 250 lM etomoxir (72.2% 6 6.2% vs. 26.5% 6 6.4% in control; P , 0.05). Treatment with 100 lM etomoxir did not significantly reduce the percentage of oocytes completing nuclear maturation compared to the control group (52.7% 6 6.8% vs. 65.3% 6 6.9%, respectively; P . 0.05) or significantly increase the percentage of oocytes arrested at MI compared to control oocytes. When mouse oocytes were matured completely denuded of cumulus cells, there was a significant decrease in nuclear maturation of oocytes compared to intact COCs, even in the absence of etomoxir (22.5% 6 6.7% vs. 69.4% 6 6.7%, respectively; P , 0.05; data not shown). When treated with increasing doses of etomoxir, there was no significant difference in the percent of denuded oocytes that failed to resume meiosis (GV) or denuded oocytes that resumed meiosis but failed to progress past MI (GVBD/CC/MI) compared to denuded oocytes matured in the absence of etomoxir (P . 0.1; Fig. 2 ). There was a significant decrease in the percentage of denuded oocytes that progressed past MI after treatment with either 25 or 100 lM etomoxir compared to nontreated denuded oocytes (P , 0.05; Fig. 2) .
Treatment with either 100 or 250 lM etomoxir during maturation of COCs reduced completion of nuclear maturation in bovine oocytes compared to control oocytes (27.6% 6 6.0% and 13.6% 6 5.2% vs. 54.0% 6 6.3%, respectively; P , 0.05; Fig. 1B) . Bovine oocytes were able to resume meiosis but were arrested primarily at the telophase (T) or condensed chromatin (CC) stage when treated with 100 or 250 lM etomoxir, respectively (P , 0.05, compared to control). There was no significant difference in the percentage of MI oocytes between treatments.
In porcine oocytes, treatment with as little as 10 lM etomoxir during maturation of COCs significantly reduced completion of oocyte nuclear maturation (45.2% 6 4.9% vs. 69.1% 6 4.0% in control oocytes; P , 0.05; Fig. 1C ). Treatment with 100 or 250 lM etomoxir further reduced the percentage of oocytes completing meiosis. Oocytes were primarily arrested at MI after treatment with 10 lM etomoxir (33.7% 6 4.7%), 25 lM etomoxir (41.2% 6 4.6%), or 100 lM etomoxir (52.2% 6 4.7%) compared to control oocytes (12.5% 6 2.9%; P , 0.05). Treatment with 250 lM etomoxir arrested porcine oocytes at GVBD (79.8% 6 3.8% vs. 9.6% 6 2.5% in control oocytes; P , 0.05).
Experiment 2: Gene Expression and Glucose Uptake of Mouse, Bovine, and Porcine Oocytes Following Perturbation of FAO During IVM
When mouse COCs were matured in the presence of 100 lM etomoxir (the noninhibitory dose), the abundance of Acadl and Glrx2 transcripts tended to decrease in the oocyte at the completion of the maturation period compared to oocytes derived from COCs not exposed to etomoxir (P , 0.1; Fig.  3A ). When the concentration of etomoxir was increased to 250 lM during COC IVM, which significantly inhibits MII, Acadl, Glrx2, Txnrd1, and Pfk1 transcripts significantly decreased in the oocyte (P , 0.05; Fig. 3B ). Similar findings were observed PACZKOWSKI ET AL.
in cumulus cells; after COC treatment with 250 lM etomoxir, Glrx2 and Txnrd1 transcripts were significantly decreased (P , 0.05), whereas abundance of Acadl and Pfk1 transcripts tended to decrease (P , 0.1; Fig. 3D ). However, abundance of Glut1 transcripts tended to increase in cumulus cells after 100 lM etomoxir exposure (P , 0.1; Fig. 3C ) and was significantly increased in cumulus cells after COC treatment with 250 lM etomoxir, compared to cumulus cells from untreated COCs (Fig. 3D) . Glucose consumption (pmol/COC/h) by mouse COCs was higher after treatment with 100 lM etomoxir compared to COCs exposed to 250 lM etomoxir (P , 0.05; Fig. 4A ), but was not significantly different than COCs not exposed to etomoxir (P . 0.05).
In contrast to what we observed in the mouse, transcript abundance of Acsl3, Cpt1b, and Pfk1 was significantly increased (P , 0.05), and Txnrd1 tended to increase in the bovine oocyte during COC maturation in the presence of 25 lM etomoxir (the noninhibitory dose; P , 0.1; Fig. 5A ). Furthermore, oocytes from COCs after maturation with 100 lM etomoxir (the inhibitory dose) significantly increased the expression of Cpt1b (P , 0.05) compared to oocytes from COCs matured without etomoxir (Fig. 5B) . Glut1 transcripts were not detectable in high enough quantities to be accurately compared in bovine oocytes derived from COCs without exposure to etomoxir (average calculated cycle threshold was 38.06 cycles; data not shown), but was detectable in the other two treatment groups. On the other hand, abundance of Hk2 and Glut1 transcripts were significantly decreased in cumulus cells after COC treatment with 100 lM etomoxir, although not in cumulus cells from COCs treated with 25 lM etomoxir (Fig.  5, C and D) . Cpt2 and Txnrd1 transcripts were significantly increased and Pfk1 transcripts tended to increase in the cumulus cells after COC treatment with 100 lM etomoxir (Fig. 5D ) compared to nontreated COCs. Glucose consumption 
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by COCs after treatment with 25 lM etomoxir was significantly increased (P , 0.05) compared to untreated COCs and COCs treated with 100 lM etomoxir (Fig. 4B) . Glucose consumption by COCs after treatment with 100 lM etomoxir was significantly decreased compared to untreated COCs and COCs treated with 25 lM etomoxir (P , 0.05; Fig.  4B ).
When porcine COCs were exposed to 1 or 10 lM etomoxir during maturation, the abundance of Acsl3, Cpt2, Glrx2, Txnrd1, Hk2, and Pfk1 transcripts were significantly decreased in oocytes compared to control oocytes derived from COCs matured without etomoxir (Fig. 6, A and B) . Acadl transcripts tended to decrease in abundance in oocytes after COC exposure to 1 lM etomoxir (P , 0.1; Fig. 6A ) and were significantly decreased in oocytes after COC exposure to 10 lM etomoxir (P , 0.05; Fig. 6B ). Glut1 transcript abundance tended to decrease in oocytes after COC exposure to 10 lM etomoxir compared to oocytes from untreated COCs (P , 0.1; Fig. 6B ). There was no significant difference in gene expression in cumulus cells after COC treatment with 1 lM etomoxir (P . 0.1; Fig. 6C ). However, Acadl, Acsl3, Glrx2, and Hk2 transcripts were significantly decreased (P , 0.05), 
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and Cpt1b, Cpt2, Pfk1, and Glut1 transcripts tended to decrease (P , 0.1) in cumulus cells after COC exposure to 10 lM etomoxir compared to cumulus cells obtained from nontreated COCs (Fig. 6D ). There were no significant differences in glucose consumption by COCs after treatment with 1 or 10 lM etomoxir compared to control COCs not treated with etomoxir (Fig. 4C ).
Experiment 3: Lipid Content of Mouse, Bovine, and Porcine Oocytes after COC Exposure to Etomoxir During IVM
Lipid content, as determined by Nile Red staining, in mouse oocytes was significantly reduced after COC exposure to 100 lM etomoxir compared to oocytes obtained from COCs after exposure to 250 lM etomoxir (P , 0.05; Fig. 7A ). However, COC exposure to 100 or 250 lM etomoxir did not significantly affect the lipid content in mouse oocytes compared to oocytes obtained from COCs without etomoxir treatment (P . 0.05; Fig. 7A ). Similar findings were observed in bovine oocytes after COC treatment with 0, 25, or 100 lM etomoxir (Fig. 7B) . Oocytes collected from COCs after treatment with 25 lM etomoxir had significantly less lipid content compared to oocytes from COCs after exposure to 100 lM etomoxir (P , 0.05; Fig. 7B ). The lipid content of bovine oocytes collected from COCs that were not exposed to etomoxir were not significantly different than that in either treatment group (P . 0.05; Fig. 7B) . In porcine oocytes, there were no significant differences in lipid content after COC exposure to 1 or 10 lM etomoxir compared to control oocytes from COCs without etomoxir treatment (P . 0.05; Fig. 7C ).
Experiment 4: ADP/ATP Ratios of Mouse, Bovine, and Porcine Oocytes and Cumulus Cells after COC Exposure to Etomoxir During IVM There was no significant difference in the ADP/ATP ratio in mouse oocytes or cumulus cells after COC exposure to 100 and 250 lM etomoxir compared to control oocytes and cumulus cells (P . 0.1; Fig. 8A ). In bovine oocytes, there was a significant decrease in the ADP/ATP ratio in oocytes after COC treatment with 25 lM etomoxir compared to oocytes derived from COCs after treatment with 100 lM etomoxir (P , 0.05); however, neither the 25 nor 100 lM etomoxir treatments were different compared to oocytes derived from COCs that had not been treated with etomoxir (P . 0.1). There was also no significant difference in the ADP/ATP ratio in cumulus cells from bovine COCs after treatment with 25 or 100 lM etomoxir compared to those not treated with etomoxir (P . 0.1; Fig. 8B ). There was no significant difference in the ADP/ATP ratio in either porcine oocytes or cumulus cells derived from COCs after treatment with 0, 1, or 10 lM etomoxir (Fig. 8C) .
DISCUSSION
In the current experiment, we analyzed the effect of inhibiting FAO in COCs during in vitro oocyte maturation in three species with varying amounts of oocyte intracellular lipids. The data demonstrates that the importance of FAO to oocyte nuclear maturation is correlated with the amount of intracellular fatty acids. Porcine oocytes, which have a high intracellular lipid content, arrested during maturation after COC exposure to low concentrations of etomoxir (10 lM), suggesting that FAO is an essential pathway for porcine oocyte maturation. On the other hand, higher concentrations of etomoxir (250 lM) were required to elicit a similar effect in mouse COCs, whose oocytes have relatively few intracellular lipids, suggesting that FAO may not play as important a role during mouse oocyte maturation. However, inhibition of FAO with higher doses of etomoxir did result in meiotic arrest of mouse oocytes, demonstrating that FAO is required by the mouse oocyte for successful nuclear maturation. Bovine oocytes, which have a moderate amount of intracellular lipid, arrested after COC exposure to an intermediate concentration of etomoxir (100 lM), suggesting that FAO also plays a role in oocyte nuclear maturation in this species and that bovine oocytes have a moderate reliance on FAO during maturation.
As the oocytes were matured as a functional unit in cohort with their surrounding cumulus cells, we investigated whether inhibition of FAO had a direct effect on the oocyte or if the inhibition observed during maturation was due to the effect of etomoxir on the cumulus cells. When denuded oocytes were matured with etomoxir, there was no significant difference in the percentage of oocytes capable of resuming meiosis; however, significantly fewer of the treated oocytes were able to progress past MI and complete meiotic maturation. Other reports have indicated that etomoxir blocks meiotic induction in both mouse denuded and cumulus enclosed oocytes, and activation of FAO stimulates meiotic resumption in both denuded and cumulus enclosed oocytes [20] . Thus, there is evidence that etomoxir is acting directly on the oocyte and that FAO within the oocyte is critical. In contrast to the previous FATTY ACID BETA-OXIDATION DURING OOCYTE MATURATION report of Downs et al. [20] , in which the effect of FAO was examined in the mouse using dibutyryl cAMP to arrest meiotic induction, in this study we analyzed the effect of FAO on meiotic maturation under permissive conditions. Finally, there is existing evidence that etomoxir inhibits oxidation of palmitic acid in both denuded oocytes and COCs, demonstrating that etomoxir alters FAO in both cell types [14] .
To determine the effects of inhibiting FAO in the COCs during maturation at a molecular level, we analyzed the expression of genes involved in FAO, glycolysis, and oxidative PACZKOWSKI ET AL.
stress in the oocyte and cumulus cells after inhibition of FAO with two doses of etomoxir; the lowest dose that significantly inhibited meiotic progression to MII (inhibitory dose) and the highest dose that permitted successful oocyte maturation to MII (noninhibitory dose). In mouse oocytes, the transcript abundance of Acadl and Glrx2 tended to decrease after COC exposure to a noninhibitory dose of etomoxir, and in addition to Txnrd1, were significantly decreased after COC exposure to the inhibitory dose, suggesting a functional decrease in FAO and oxidative stress. Because FAO does result in production of reactive oxygen species, this relationship is not surprising. The inhibitory dose (but not the noninhibitory dose) of etomoxir significantly decreased the expression of Pfk1, a regulatory gene of glycolysis, in oocytes following COC exposure, suggesting that glycolysis in the oocyte was negatively affected when FAO was inhibited to the extent that it affected meiotic maturation. Expression of Glut1, a glucose transporter, in cumulus cells increased after COC exposure to the noninhibitory and inhibitory doses of etomoxir, suggesting that glucose uptake was increased in the cumulus cells in an attempt to provide energy substrates to the oocyte when FAO activity was decreased. Congruent with the oocyte and cumulus cell gene expression data, glucose uptake by the COC was increased after FAO inhibition in the mouse after exposure to the noninhibitory compared to the inhibitory dose of etomoxir. Interestingly, expression of these genes in bovine oocytes and cumulus cells were opposite to what we observed in the mouse. In bovine oocytes, Acsl3 and Cpt1b were significantly increased after COC exposure to the noninhibitory dose of etomoxir, possibly reflecting a compensatory attempt by the oocyte to increase FAO in response to the FAO inhibitor challenge. Somewhat similarly, Cpt2 was significantly increased in cumulus cells after COC exposure to the inhibitory dose of etomoxir. We hypothesize that, particularly at lower doses of the FAO inhibitor, the COC initiated adaptive mechanisms to counteract the pharmacological insult by transcriptionally upregulating genes involved in the FAO pathway. We do not, however, know whether this upregulation of gene expression resulted in a functional response. 
FATTY ACID BETA-OXIDATION DURING OOCYTE MATURATION
Expression of Pfk1 was increased in bovine oocytes after COC exposure to the noninhibitory dose of etomoxir, suggesting that glucose metabolism is also increased when FAO is perturbed in the COC. This increase is corroborated by the increase in glucose consumption we observed after exposure to the noninhibitory dose of etomoxir, further supporting our hypothesis that metabolism is upregulated in response to moderate FAO inhibition. Similar findings have been reported in porcine embryos; inhibition of FAO increased glucose metabolism, suggesting that alternative energy pathways are upregulated in response to decreased FAO [17] . Plasma glucose concentrations in hyperglycemic fat sand rats (Psammomys obesus) treated with etomoxir are decreased compared to control rats, indicating that systemic inhibition of FAO increases utilization of glucose via glycolysis [36] . With an inhibitory dose of etomoxir, expression of Glut1 and Hk2 were decreased in bovine cumulus cells, suggesting that when FAO is inhibited in the COCs to the extent that meiosis is arrested, glycolysis in the cumulus cells also ceases to function properly. We hypothesize that in bovine COCs, glucose consumption (and potentially glycolysis) increases when COCs are exposed to noninhibitory doses of etomoxir to compensate for reduced ATP production, thereby allowing meiosis to continue. It seems likely that glycolysis and FAO are interrelated metabolic pathways in bovine and murine COCs.
In contrast to both mouse and bovine oocytes and cumulus cells, FAO gene expression was drastically inhibited in porcine oocytes, even in the presence of the noninhibitory dose of etomoxir. Glycolytic genes were also decreased in the oocyte after COC exposure to both the inhibitory and noninhibitory doses of etomoxir. While there were no significant effects of the noninhibitory dose on gene expression in cumulus cells, exposure to the inhibitory dose significantly decreased expression of FAO, glycolytic, and oxidative stress genes. Our hypothesis is that because porcine oocytes rely so heavily on FAO during oocyte maturation and are therefore very sensitive to perturbations of FAO, any disruption of this metabolic mechanism is essentially fatal to the oocyte. The continued use of glucose in these arrested porcine COC may reflect only cumulus cell metabolism.
Glucose consumption was markedly different between species. At the end of maturation, control bovine COCs consumed more glucose (1023.2 6 1.7 pmol/COC/h) than porcine (232.9 6 31.5 pmol/COC/h) or mouse (43.1 6 3.6 pmol/COC/h) COCs. This could reflect the number and/or viability of cumulus cells surrounding the oocytes during maturation, the duration of maturation, or the metabolic needs of the oocytes and/or cumulus cells during meiotic maturation. In the mouse, at the end of maturation the majority of cumulus cells were detached from the oocytes. In the porcine COC, similar findings were observed, possibly due to the stress of transport. However, at the end of bovine COC maturation, cumulus cells were expanded and still connected to the oocyte. Furthermore, IVM in the mouse is 18 h, which is less than in both bovine (24 h ) and porcine (42 h) oocytes. However, glucose measurements in porcine COCs represent only the final 18 h of maturation as a result of their having to be shipped; the utilization of glucose during the initial 24 h is still unknown. Alternatively, bovine COCs may rely more heavily on exogenous sources of glucose than the pig or mouse, which may preferentially utilize internal lipid stores (pig) or external amino acids and carbohydrates other than glucose (mouse).
The lipid content was significantly elevated in mouse and bovine oocytes after COC exposure to the inhibitory dose of etomoxir compared to those exposed to the noninhibitory dose, although neither dose was significantly different from the controls in either species. Thus, intracellular lipid is accumulated when FAO is inhibited to the extent that meiosis is arrested. However, in the pig, there was no significant difference in lipid content between treatments, further supporting our hypothesis that, even at the noninhibitory dose of etomoxir, the oocyte is unable to counteract the negative effects of FAO inhibition and ceases to function. In oocytes derived from COCs not exposed to etomoxir during maturation, there was significantly more intracellular lipids in porcine oocytes (160.5 6 7.2 arbitrary fluorescence units) compared to bovine oocytes (105.5 6 9.0 arbitrary fluorescence units), which had significantly more lipids that mouse oocytes (28.0 6 7.2 arbitrary fluorescence units). These differences in lipid content between species have been previously reported [26] .
Because of the high variability between samples, we were unable to detect differences in the ADP/ATP ratios in either mouse or porcine oocytes or cumulus cells between treatments. However, it is noteworthy to point out that in porcine oocytes, the fold increase in the average ADP/ATP ratio was very dramatic where there was almost a 288-fold increase in the ADP/ATP ratio after COC exposure to the noninhibitory dose and a 4.5-fold increase after COC exposure to the inhibitory dose of etomoxir. The increase in the ADP/ATP ratios in porcine oocytes following inhibition of FAO suggests that the oocytes are undergoing cell death, which further supports our hypothesis that porcine oocytes rely heavily on FAO for oocyte maturation and any perturbation in the FAO pathway is detrimental. In bovine oocytes, there was a significant 5-fold decrease in the ADP/ATP ratio in oocytes derived from COCs exposed to the noninhibitory compared to the inhibitory dose of etomoxir, suggesting that bovine oocytes are metabolically active after COC exposure to the noninhibitory dose of etomoxir, which is supported by the gene expression, glucose uptake, and lipid data in the oocytes.
In conclusion, the relative importance of FAO to oocyte maturation is correlated to the quantity of intracellular lipids within the ooplasm and suggests that species in which oocytes have large stores of intracellular lipids rely more heavily on this metabolic mechanism during oocyte maturation. However, all three species examined do rely on FAO in the COC to complete nuclear maturation. Mouse oocytes and cumulus cells show minor perturbations in gene expression, glucose consumption, lipid content, and ADP/ATP ratio after COC exposure to a noninhibitory dose of etomoxir, suggesting that while FAO is important for maturation, mouse COCs are able to initiate adaptive mechanisms fairly easily with little stress to the oocyte. Bovine COCs on the other hand, appear to undergo significant adaptive changes in the oocyte and cumulus cells after exposure to the noninhibitory dose of etomoxir to maintain functionality and survival. The porcine COC, however, is unable compensate for FAO perturbations and undergoes cellular stress and cell death. Therefore, FAO appears to be absolutely essential for oocyte nuclear maturation in the pig. Future experiments will investigate whether supplementation of exogenous fatty acids during maturation in combination with carnitine, particularly during porcine oocyte maturation, might have significant benefits for oocyte nuclear maturation and subsequent embryonic development.
